ABSTRACT: Shale is an increasingly viable source of natural gas and a potential candidate for geologic CO 2 sequestration. Understanding the gas adsorption behavior on shale is necessary for the design of optimal gas recovery and sequestration projects. In the present study neutron diffraction and small-angle neutron scattering measurements of adsorbed CO 2 in Marcellus Shale samples were conducted on the Near and InterMediate Range Order Diffractometer (NIMROD) at the ISIS Pulsed Neutron and Muon Source, STFC Rutherford Appleton Laboratory along an adsorption isotherm of 22°C and pressures of 25 and 40 bar. Additional measurements were conducted at approximately 22 and 60°C at the same pressures on the General-Purpose Small-Angle Neutron Scattering (GP-SANS) instrument at Oak Ridge National Laboratory. The structures investigated (pores) for CO 2 adsorption range in size from Å level to ∼50 nm. The results indicate that, using the conditions investigated densification or condensation effects occurred in all accessible pores. The data suggest that at 22°C the CO 2 has liquid-like properties when confined in pores of around 1 nm radius at pressures as low as 25 bar. Many of the 2.5 nm pores, 70% of 2 nm pores, most of the <1 nm pores, and all pores <0.25 nm, are inaccessible or closed to CO 2 , suggesting that despite the vast numbers of micropores in shale, the micropores will be unavailable for storage for geologic CO 2 sequestration.
INTRODUCTION
U.S. production of natural gas from shale increased from 0.75 trillion cubic feet (Tcf) in 2005 to approximately 14 Tcf in 2015.
1,2 Shale and tight oil plays now produce up to half of all natural gas production in the U.S and this contribution is expected to grow in the coming years. 1 The significant increase in natural gas production is due to innovations in multilateral horizontal drilling techniques and multistage hydrofracturing. The economic success of shale gas in the U.S. has led to the rapid development and production of gas from shale plays in Canada and has spurred interest in gas production from shale in Europe, South America, Asia, and Australia.
Shale is also being considered as a reservoir for sequestrating anthropogenic CO 2 to reduce CO 2 emissions from point sources, 3, 4 with storage occurring in an adsorbed state within micro-and meso-pores of kerogen 5 (classification of Rouquerol et al. 6 used throughout), in naturally occurring porosity and microfractures (ref 7 , and references within), and/or in hydrofracture-induced fractures and void spaces. 8, 9 However, there are still substantial unknowns in predicting the extent to which shale can be used to store CO 2 . 9 Shale is a complex heterogeneous mudstone with very low permeability (<1000 nD) and porosity (<15%). 10 The shale matrix is characterized by a network of fractures and pores that range in size from the macro-to microscale, and fluids (petroleum and water) that are contained within and flow through this pore system. Most recent studies 11−18 have concluded that micropores (<2 nm) and mesopores (2−50 nm) occur in both organic and inorganic phases within shale, but most of the permeability is controlled by the organic material in shale reservoirs. Since a large portion of methane is sorbed onto the surface of pores, characterization of shale pore structure is critical for understanding fluid transport processes through low permeable rock and optimizing gas recovery with hydraulic fracturing.
Because shale exhibits a wide pore size distribution, the use of multiple techniques is required to characterize the full pore size range 19 including fluid invasion methods (sorption isotherms, helium pycnometry and mercury porosimetry) and small and ultrasmall angle scattering techniques (SANS and USANS). In contrast to fluid invasion methods, neutron scattering techniques can distinguish between pores that are open, or accessible, and pores that are closed, by using CH 4 or CO 2 as a probe molecule. Recently, Melnichenko and coworkers utilized the contrast-matching method with pressurized fluids (CD 4 , CO 2 ) to examine the densification behavior of CO 2 in accessible pores as a function of pore size in carbon. 20 In addition, contrast-matching with supercritical CO 2 and CD 4 was used to determine open and closed porosity, as a function of pore size, in coal 21−24 and shale 21,25−28 over length scales of approximately 10 μm to 5 nm radius.
In the present study, we examined pores at length-scales of 50−0.25 nm in samples of the Middle Devonian Marcellus Shale (Appalachian basin), using neutron scattering measurements of confined CO 2 at approximately 22 and 60°C and pressures of approximately 25 and 40 bar using the GeneralPurpose Small-Angle Neutron Scattering (GP-SANS) instrument at Oak Ridge National Laboratory (ORNL). A new improved cell allowed SANS measurements to be made at higher Q values than obtained previously on older pressure cells. 21−28 The highest Q value that could be achieved using previous generation high-pressure cells was limited to 0.65 Å −1 due to the cutoff angle of the cell which limited the size of the smallest pores to ∼10−15 Å. In order to enhance the accessible acceptance angle a dome type cell with maximum scattering angle of ∼180°was used for SANS measurements. The Qrange for the present SANS measurements was chosen as ∼0.006−1 Å −1 . Additional neutron diffraction measurements were conducted on the Near and InterMediate Range Order Diffractometer (NIMROD) at the ISIS Pulsed Neutron and Muon Source, STFC Rutherford Appleton Laboratory, UK. The NIMROD measurements were made at 22°C and CO 2 pressures of 25 and 40 bar over a very large Q-range extending from 0.02−50 Å −1 . Combining the data from the two instruments allows for simultaneous evaluation of the adsorption process and the structure of the confined CO 2 .
Moreover, the use of these instruments allow us to examine, for the first time, open and closed porosity and structure factors of fossil-fuel materials at length scales of Å−50 nm. The present study of the Marcellus Shale is designed to probe the accessibility of CO 2 in hierarchical pores in the shale at supercritical temperatures and subcritical pressures and (60°C, 25 and 40 bar) and subcritical conditions (22°C, 25 bar) to provide crucial information regarding the storage of the CO 2 in shale.
The Marcellus was chosen for analysis in this study as it, and the underlying Utica Shale, have contributed 85% of the U.S. shale gas production growth since 2012. Following collection, the core sent to USGS where it was wrapped in plastic and stored at ∼3°C until it was sent to a commercial laboratory. At the laboratory, the sample was cut parallel to bedding into a 0.2 cm thick slab using a microsaw that was cooled with deionized water. The slab, labeled Mar #1YM, was trimmed to 3 × 3 × 0.2 cm 3 for neutron diffraction analyses on NIMROD. Due to the heterogeneity of shale and the need to compare identical samples, material saved from the trimming was ground and sieved to 0.5−1.0 mm particle size for analysis on the SANS instrument at ORNL. Additional slabs were cut parallel to bedding immediately below that slab for CHNOS, semiquantitative X-ray diffraction (mineralogy), and mercury porosimetry analyses ( Table 1) .
The NIMROD instrument delivers high neutron flux, moderate Q-resolution, high detector stability and low scattering backgrounds. NIMROD is a total scattering instrument which bridges the gap between conventional small-and wide-angle diffractometers, and provides information on the structure of a material. The instrument characterizes ordered or crystalline components (Bragg scattering), disordered materials including glasses, melts, and fluids (diffuse scattering), and material geometry over larger length scales (small-angle scattering). To achieve these measurements, NIMROD matches an array of high-efficiency neutron scintillator detectors, covering scattering angles from 0.5 to 40°. The array consists of ∼2300 detector elements plus nine beam intensity monitors. The optimized Q-range is 0.02
, where Q is the magnitude of the momentum transfer vector of a scattered neutron, defined as Q = 4πsinθ/λ; 2θ is the scattering angle and λ is the neutron wavelength. The corresponding correlation lengths in real space, 0.1 < d < 310 Å, that can be explored with NIMROD have the capability of providing simultaneous measurements of a wide range of structural scales. 30, 31 For NIMROD measurements in this study, the sample was placed into a null scattering Ti 0.676 Zr 0.324 cell and sealed using indium wire. Supporting Information (SI) Figure S1 shows a schematic of the experimental set up. All experiments were performed at 22°C. As a first run, the outgassed sample was measured, followed by pressurization with purified CO 2 (99.9996%, SI Figure S1 ) at 25 and 40 bar. Once pressure was equilibrated the scattering patterns were recorded. The scattered neutrons were counted as a function of neutron timeof-flight, corrected for instrument and container backgrounds, absorption and multiple scattering, and then normalized to a standard vanadium scatterer using Gudrun software. 32, 33 The SANS instrument at ORNL (http://neutrons.ornl.gov/ gpsans/) provides information on the geometry of materials within the Q range of 0.0007−1 Å , however, for this study we utilized a Q range of < 0.006−1 Å −1 to overlap the SANS range of NIMROD. The wavelength of the neutron and wavelength resolution (Δλ/λ) was 4.72 Å and 0.13, respectively. The Marcellus Shale particles were loaded into a 1.6 mm internal . The sample was evacuated and measurements were performed in a vacuum and at 25 and 40 bar CO 2 at both 22 and 60°C. Acquisition times varied from approximately 10 min to an hour at each detector position to ensure sufficient data statistics. The raw 2D data were corrected for detector pixel efficiency and dark current, and azimuthally averaged to produce a 1D profile, I(Q). To determine the influence of CO 2 on the scattering intensity, ratios of I(Q) in CO 2 to vacuum were calculated. There is a flat (Q-independent) background scattering introduced from incoherent scattering from protons and other sources. 34 The flat background is assumed to be 0.95 of the smallest I(Q) value obtained from the NIMROD experiment and was subtracted from the I(Q) values prior to determining ratios of I(Q) in CO 2 to I(Q) in vacuum. Thus the assumed incoherent scattering value is 0.6885 (barns sr
) for the shale in vacuum and 0.7027 (barns sr −1 atom −1 ) in the presence of CO 2 at 40 bar 22°C. For polydisperse porous media, such as shale, an appropriate relationship relating the scattering vector, Q, with pore radius, r, is r ∼ 2.5/Q. 35 However, the relationship is approximate because it assumes all pores are spherical and the pores contributing to the scattering at each Q value are all of the same size. Pores within the sample that are accessible to fluids will be about 0.1 nm less than r ∼ 2.5/Q because electrons cover the nuclei on the pore walls.
RESULTS AND DISCUSSION
3.1. CO 2 Adsorption Scattering Profiles. Figure 1 shows the scattering curves from dry shale under vacuum and after CO 2 loading at approximately 25 and 40 bar. Bragg reflections are shown in the inset of Figure 1 : most of them originate from quartz, which is to be expected as this is a quartz-rich sample ( Table 1 ). The SANS profiles from both instruments show an extended linear region on a log−log scale at low Q (Figure 1) . The slope of the linear region, after subtraction of the incoherent scattering background due to the presence of hydrogen atoms, is approximately −3. This power-law scattering is characteristic of a very rough (fractal) pore-matrix interface in the range of 0.01 < Q < 0.1 Å . This finding is in agreement with other (U)SANS research that report linear slopes (when plotted on a log−log scale) of approximately −3 and −3.3, indicating that pore size distribution follows fractal behavior over the size range 2.5−25 nm. 21,25−28 The scattering profiles are not strongly affected by CO 2 loading over the accessible Q regime, indicating a low volume of accessible pores within the sample. In addition, the sample was not fully saturated with CO 2 , and even at 40 bar the free gas density was only 0.095 g/cm 3 . The scattering intensity from pores is proportional to the square of the density contrast between the fluid in the pores and that of the pore matrix. The scattering length density (SLD), a mathematical combination of the density and chemical composition of the sample, was calculated from the mineralogy (Table 1 ) using the NIST neutron SLD calculator (http://www.ncnr.nist.gov/resources/ activation/), and is 4.1 × 10 10 cm −2 . The ratio of scattering intensity from pores in the presence of CO 2 at a given Q was compared to vacuum: for example, for CO 2 at 22°C and 40 bar, the SLD of the free gas is about 0.25 × 10 10 cm −2 . If the pores are fully accessible and the density of the gas in the pores is the same as the free gas, the scattering intensity in the presence of CO 2 would be proportional to ((4.1−0.25)/4.1)
2 , or about 0.88 of what it would be in the absence of CO 2 (SI Table S1 ). Values > 0.88 indicate that pores are present that are inaccessible to CO 2 and values < 0.88 indicate CO 2 in the accessed pores is of a greater density than in the free gas. If all of the gas in the pores had the same density as the free gas and all of the pores were accessible, the expected scattering intensity of CO 2 as a fraction of the original scattering intensity would range from approximately 0.88−0.95 at the operating conditions of this study (SI Table S1 ) and would be independent of Q. Figure 2 shows the ratio of the SANS scattering in CO 2 compared to that in vacuum at the different temperatures and pressures used. This ratio clearly varies with Q, and at low Q is affected by temperature and pressure. At 40 bar CO 2 , the ratio at low Q of ∼ 0.006 Å −1 (50 nm) is ∼ 0.75, but increases to ∼ 0.88 at ∼ Q = 0.03 Å −1 (10 nm radius), decreases to a minimum at Q = 0.1 Å −1 (2.5 nm radius), and increases again at Q = 0.6 Å −1 (0.4 nm radius). However, at Q > 1.02 Å −1 , the ratio remains constant at 1. SANS and NIMROD trends are similar, though the minimum at Q = 0.03 Å −1 is more pronounced in the NIMROD measurements. At high Q, the error increases substantially because after background subtraction there is very little signal (SI Figure S2) .
These measurements show that at all investigated pore sizes there is densification of the CO 2 in the accessible pores: pores become increasingly inaccessible with increasing Q and at Q > 1 Å −1 (0.25 nm radius) all pores are inaccessible. The kinetic diameter of CO 2 is 0.33 nm, thus CO 2 does not penetrate pores < 0.25 nm radius because the CO 2 molecule is simply too large to fit in readily.
At Q < 0.3 Å −1 , the ratio of the SANS scattering in CO 2 compared to that in vacuum decreases with increasing pressure as CO 2 density increases. Between Q of 0.3−1 Å −1 there is no effect of pressure on the ratio, indicating that the density CO 2 is unaffected by increasing pressure and that CO 2 in these pores is fully condensed. The calculated SLD of the condensed CO 2 would be 2.5 × 10 10 cm −2 assuming a density of 1 g/cm 3 and the scattering intensity in the presence of this fluid would be ((4.1−2.5)/4.1) 2 , or about 0.14 of that in the absence of fluid.
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If at 40 bar, all small accessible pores are completely filled with fluid CO 2 , the ratio of the scattering intensity at 40 bar to vacuum gives the fraction of pores that are inaccessible, or closed, to CO 2 : in this sample only about 30% of the 2 nm radius pores are accessible, or open, which is in agreement with previous findings. 21 At Q = 0.005 Å −1 the ratio of scattering intensity in CO 2 compared to vacuum is about 0.7, which is lower than expected if CO 2 was free gas, indicating that some densification occurs, possibly resulting from condensation of a dense layer of CO 2 onto pore surfaces. The ratio of scattering intensity versus Q for the Marcellus sample in the presence of CO 2 at 22°(SANS and NIMROD) and 60°C (SANS) compared to that in vacuum, are also shown on Figure 2 . At both 25 and 40 bar, the SANS scattering intensity at 60°C is greater than at 22°C, due to the lower density of CO 2 . The minimum in the scattering ratio at 60°C is less pronounced than at 22°C, but still present, thus, even at supercritical temperatures some densification of CO 2 occurs in fine pores. The scattering intensity at Q = 0.03 Å −1 is less at 60°C than expected for gas having the same density as the free gas (SI Table S1 ), indicating some densification of CO 2 in comparatively large pores (∼10 nm).
3.2. Structure Factor: Independent Evidence of Pore Filled Liquid-Like CO 2 . Carbon dioxide fluid confined in pore space can either remain as a compressed gas or condense to a liquid-like phase. The neutron scattering pattern would not be affected in the former case. However, the presence of liquid CO 2 with its inherent short-range molecular ordering on the length scale of several Å would give rise to additional scattering peaks in the Bragg region which is dominated by diffraction on periodic structures of various minerals comprising the shale (shown for the CO 2 -free sample in the inset of Figure 1 ). This is analogous to measuring an XRD spectrum of a multimineral shale and then repeating the measurement after yet another quasi-crystalline mineral has been added to the mineral matrix. By subtracting the "before" and "after" values of measured scattering intensity, one can pull out the contribution from the extra component and see whether it has a gas-like form (no extra peaks) or a liquid-like form (additional peaks related to the short-range intermolecular ordering). In practice, the scattering measurements are performed with the shale sample in vacuum, then at a required pressure of CO 2 , then at the vacuum again (to verify that the sample has not moved or irreversibly changed during the measurements); finally, the data are reduced to the "structure factor", which is proportional to the absolutely calibrated scattering cross section obtained by standard methods from the scattering results (see refs 37 and 38 for details). Figure 3a shows the calculated total structure factors for the CO 2 confined in shale at 25 and 40 bar respectively; the structure factor for the bulk liquid CO 2 39 is also presented for comparison (Figure 3b ). In the bulk liquid, the intermolecular structure peak, corresponding to the most probable distance between nearest-neighbor molecules, is located at ∼1.80
and possesses a degree of asymmetry. The peak has a minimum at Q ∼ 3 Å −1 followed by a tiny bump near Q = 4 Å −1
. In addition, eight long-range oscillations, corresponding to intramolecular correlations are clearly visible at larger Q values (Figure 3b) .
In contrast, when CO 2 is confined at 25 and 40 bar within the sample, the main peaks, 1.77 and 1.78 Å −1 , are slightly shifted to lower Q values due to the reduced density of CO 2 compared to the bulk liquid. The peaks also possess a degree of asymmetry, a minimum at Q ∼ 3 Å −1 followed by a tiny bump near Q = 4 Å −1 (Figure 3a) . The peak asymmetry, interpreted in terms of intermolecular orientational correlations between neighboring CO 2 molecules that primarily arise from electrical quadrupolar interactions, 40 shows that the CO 2 confined in shale has liquid-like properties. Similar structural behavior has been observed for CO 2 confined in microporous carbon, 41, 42 aerogel 43 and ordered mesoporous silica 38, 39, 44 in both sub-and supercritical thermodynamic states. However, in the present study, only one long-range oscillation is clearly visible for both structure factors (Figure 3a) . The result can be explained in terms of the small amount of adsorbed CO 2 because the porosity of the Marcellus Shale sample is low (2.6%; Table 1 ) and the volume of accessible pores (connected pores) is low. Alternatively, the liquid-like phase in these pores could have greater short-range variability in its density than the bulk CO 2 , due to the physical inability of the liquid to pack perfectly into these pores. The presence of the intermolecular structure peak at 25 bar is consistent with densification in the sample (Figure  3a) , however, given the noise in the data, the result cannot be considered conclusive.
In the pores where most CO 2 is sorbed, the CO 2 cannot be considered to be in the same state as liquid CO 2 . The sorbed phase, even under subcritical conditions, is intermediate in nature between gas and liquid and its behavior would be different from that expected by simple two-phase condensation models.
Since the difference curve ( Figure 2 ) shows no sharp peaks in the Q range 2−10 Å
, it is clear that the nature of the crystalline mineral matter in the shale is not affected when CO 2 is added under these conditions. This finding is not surprising as the experiments were conducted over a short time frame and the CO 2 was not in a supercritical state.
3.3. Environmental and Resource Implications. In our study of microporosity in the Marcellus Shale using NIMROD and SANS techniques we were able to (i) measure the amount of densification of CO 2 in shale pores under subcritical conditions (22°C, 25 and 40 bar) and supercritical temperature and subcritical pressures (60°C, 25 and 40 bar); (ii) show that densification occurs for both subcritical and supercritical CO 2 ; (iii) identify the smallest pore size that can be penetrated by CO 2 ; and iv) determine percentages of micropores that are open and closed to CO 2 . Our findings have implications for geologic sequestration of CO 2 in shale reservoirs. Estimations of CO 2 storage potential in shale, based on a variety of laboratory, geologic, and gas in place and ultimate recovery estimates, have been made over the last two decades, but there are many unanswered geochemical, geologic and engineering questions that need to be answered (ref 9, and references therein). This study addresses one of the unknown questions: how much CO 2 can be stored in the smallest pores? Despite the vast volumes of micropores in shale, a majority of the micropores are closed to CO 2. Individual micropores have a low probability of being opened during hydrofracking, even within the zone of active stimulation. Thus micropores are unlikely sites for CO 2 sequestration. This finding is important for the development and refinement of CO 2 storage methodologies in shale, for example, the efficiency factors (porosity and total potential sorbed volume) in the CO 2 storage assessment methodology of Levine et al. 9 The structure factor of the sorbed phase suggests that CO 2 is sorbed as a phase that is between that of the gas and liquid. There is no evidence that the adsorbed phase had a greater order or greater density than the liquid phase, suggesting that as pressure is increased above 25 bar, the contribution of the sorbed phase to the total amount of gas present in the shale decreases, and under supercritical conditions, there would be little difference between the densities of the sorbed phase and the free gas. This simplifies the assessment of the storage capacity of shales for CO 2 under supercritical conditions: the storage capacity would simply be the density of the gas times the volume of accessible free volume, whether the volume is in pores or cracks.
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